ABSTRACT -The objective of this study was to evaluate the associations between feed efficiency and feeding behavior, growth and carcass traits in Senepol cattle. A total of 137 animals were evaluated. Of these animals, 36 males were evaluated in a second test, totaling 173 records (initial age of 466±96 days and initial weight of 426±104 kg). Residual feed intake (RFI) was calculated as the difference between observed and expected dry matter intake, estimated by regression of dry matter intake on average daily gain and metabolic body weight (BW 0.75 ), and the animals were classified as negative (high efficiency) and positive RFI (low efficiency). The mean RFI was -0.838±0.078 and 0.797±0.075 kg DM day -1 for negative and positive RFI animals, respectively, with a difference of 1.63 kg dry matter day -1 . The dry matter intake of negative RFI animals, expressed as kg day -1 and percentage of mean body weight, was 11.3% and 13.1% lower than that of positive RFI animals. Negative RFI animals spent less time at the feed bunk and ingested less dry matter per visit than positive RFI animals, but did not differ in terms of chest girth, scrotal circumference, or hip height. However, negative RFI animals had lower rump fat deposition (7.13±0.477 mm) than positive RFI animals (7.83±0.473 mm). The Spearman correlation between RFI estimated in the first and second tests was 0.69, indicating that RFI is consistent when evaluated during two different periods of the life of the animal. Senepol animals with low residual feed intake (high efficiency) deposit less subcutaneous rump fat, but this reduction is not accompanied by a reduction in backfat thickness and longissimus muscle area.
Introduction
With the increase in feed costs and unstable market sectors, the use of efficient animals will become a necessity rather than a preference (McGee et al., 2014) , which justifies the growing interest in animals selected for feed efficiency. The inclusion of residual feed intake (RFI) analysis in the identification of superior animals provides a possible approach to improving the profitability of beef cattle production systems. This trait is moderately heritable, as estimated in meta-analysis by Del Claro et al. (2012) (0.255±0.008) and Berry and Crowley (2013) (0.33±0.013) , with the range of heritability estimates from 0.07 to 0.62.
Evidence from a selection experiment on Bos taurus indicates that differences in physical activity and feeding behavior explain 11% of the variation in RFI among animals, while differences in body composition account for only 5% of the variation in RFI (Richardson and Herd, 2004) . Chen et al. (2014) observed high phenotypic correlations between RFI and feeding behavior in Bos taurus steers. Low-efficiency animals (positive RFI) spent less time in daily feeding and head down. Studies on Bos taurus and Bos indicus have reported a greater longissimus muscle area and less carcass fat thickness in high-efficiency animals compared with low-efficiency animals Basarab et al., 2003; Herd et al., 2003; Santana et al., 2012) . On the other hand, a phenotypic correlation of low magnitude between RFI and subcutaneous fat thickness and similar fat thickness in high-efficiency and low-efficiency animals has been reported (Lancaster et al., 2009a; Ribeiro et al., 2012; Bonilha et al., 2013; Chaves et al., 2015) .
The Senepol breed was developed at the beginning of the twentieth century on the Virgin Island of Saint Croix by crossing N'Dama cattle, a West African taurine breed, and Red Poll cattle, a European taurine breed. However, analyses of single nucleotide polymorphisms do not support its origin from West African taurine cattle (Flori et al., 2012) . The ascendance from West African taurine cattle, if it occurred, was probably counterselected in the first generations by the selection objectives designed to increase meat production and the hornless phenotype (Flori et al., 2012) . The first Senepol animals came to Brazil in 2000. Over the last 15 years, the use of the breed has been growing in Brazil, taking market share and occupying space on large farms of the country, due to its economically relevant productive traits.
The objective of this study was to evaluate the associations between feed efficiency and feeding behavior, growth and carcass traits in Senepol cattle.
Material and Methods
The feed efficiency tests were conducted in Sertãozinho, northern region of São Paulo State, Brazil. The climate of the region is tropical humid, with an annual average temperature of 21.4 °C and annual average rainfall of 1,518 mm. The tests were approved by the Ethics Committee on Animal Use of Instituto de Zootecnia, Nova Odessa, SP, Brazil, in accordance with the Brazilian Code of Best Practice and Animal Use (São Paulo State Law no. 11.977).
A total of 137 pure Senepol animals, including 108 uncastrated males and 29 females, from 19 private farms were used. The mean age and BW of the animals at the start of the tests were 471±107 days and 321±116 kg, respectively. Of these animals, 36 males tested in 2015 were evaluated in a second test (initial age of 443±26 days and initial weight of 443±37 kg), corresponding to 173 records (initial age of 466±96 days and initial weight of 426±104 kg). The feed efficiency tests had a mean duration of 72±4 days, preceded by 28 days of adaptation to the diet and facilities.
In 2013 (n = 47), the animals were housed in individual pens (12 m 2 with a concrete floor), which were partially covered and contained a concrete feed bunk and water trough. In 2014 and 2015 (n = 90), the animals remained in the feedlot area equipped with automatic feeders of the GrowSafe ® system (GrowSafe Systems Ltd., Airdrie, Alberta, Canada), which records natural feed intake every time the animal visits the bunk, in addition to feeding behavior information such as the duration, frequency, and feed intake at each visit to the bunk.
Animals were fed twice daily (9.00 and 15.00 h) and had free access to water and diet. Diets offered in 2013 and 2014 consisted of corn silage, Brachiaria brizantha hay, ground corn, soybean meal, and mineral and the diet in 2015 consisted of corn silage and commercial concentrate (Table 1) . Isoenergetic and isoprotein diets were formulated to achieve an average daily gain of 1.0 kg day -1 (NRC, 2000) .
The amount of feed offered was calculated based on a quantity of 5 to 10% leftovers of the total feed offered to ensure ad libitum intake. Feed samples were collected once a week, pre-dried in a forced-ventilation oven at 55 °C for 72 h, and ground in a Wiley mill (Arthur Hill Thomas Co., Philadelphia, PA) using a 2-mm sieve for subsequent chemical analysis. Dry matter (DM), mineral matter (AOAC Official Method 942.05), and ether extract (AOAC Official Method 920.39) contents were determined according to the AOAC (1990) . Neutral detergent fiber, with α-amylase and without the addition of sodium sulfite, and acid detergent fiber were analyzed in a TE-149 apparatus (Tecnal, Piracicaba, SP, Brazil) using the methods described by Mertens (2002) . Nitrogen was determined by the Dumas method (Etheridge et al., 1998) , which is based on the release of nitrogen by combustion at high temperature in pure oxygen, in a LECO ® analyzer (FP-528, St. Joseph, MI, USA).
Records of daily feed intake were excluded when there were no leftovers in the individual pens or in the case of evidence of malfunction of the GrowSafe System ® , totaling 59±13 valid days animal -1 . In 2013, the animals were weighed at intervals of 15 days without previous fasting. In 2014 and 2015, the animals were weighed at the beginning and end of the test after fasting for 16 h from solids and water. The mean observed dry matter intake (DMI) was calculated using all valid days of feed intake, multiplied by the DM content of the diet offered. In 2013, the average daily gain (ADG) of each animal was calculated as the linear regression coefficient of weights as a function of days in test and in 2014 and 2015, as the difference between final and initial weight, divided by days in test. Mean body weight (BW) was calculated from the mean weights obtained during the test and mean metabolic body weight as the mean body weight raised to 0.75 power (BW 0.75 ). Residual feed intake was calculated as the difference between observed and expected DMI, estimated by regression of DMI on ADG and BW 0.75 for each of the six contemporary groups (G i ) evaluated using the PROC GLM procedure of SAS (Statistical Analysis System, version 9.2). The G i were defined as year of test (2013, 2014, and 2015) , sex (male and female), and age at entry (difference ≤ 126 days within group, which was 80 days in G1, 87 days in G2, 126 days in G3, 88 days in G4, 76 days in G5, and 76 days in G6). The following regression equations were fitted to estimate the expected DMI (eDMI) for each contemporary group. The term α i corresponds to the mean DMI of each contemporary group (G i The following feeding behavior traits were calculated as average of the test period using the number of visits and time spent at the feed bunk recorded with the GrowSafe System ® : bunk visit duration, bunk visit frequency, and DMI per visit according to Chen et al. (2014) .
Body growth traits were obtained at the end of each test. Hip height was measured with a tape measure in restrained animals from the pelvic bone to the floor surface. Chest girth and scrotal circumference were also measured with a tape measure. The following carcass traits were obtained on that occasion by ultrasonography as described by Pinheiro et al. (2011) using a Pie Medical Aquila Ultrasound System (Esaote Europe B.V., Maastricht, The Netherlands) and a 17-cm probe: longissimus muscle area, backfat thickness, and rump fat thickness. Longissimus muscle area and backfat thickness were measured between the 12th and 13th ribs and rump fat thickness was measured over the junction between the gluteus medius and biceps femoris muscles. The images were stored and the measurements were made with the Echo Image Viewer 1.0 program (Pie Medical Equipment B.V., Maastricht, The Netherlands).
The animals were classified as negative RFI (<0, high efficiency) or positive RFI (>0, low efficiency). The traits were analyzed using the MIXED procedure of the SAS program. The general model included the fixed effect of RFI class (negative and positive), the linear effect of the covariate age at the start of the test, and the random effects of contemporary group and residual. Exceptions were the models for the analysis of age at the start of the test, which did not include the covariate age at the start of the test, and of RFI, which did not include the effect of contemporary group. The likelihood test indicated heterogenous residual variances of the two RFI classes for average daily gain, bunk visit frequency, dry matter intake per visit, and chest girth. Thus, distinct residual variances were modeled for each RFI class using the GROUP option of the REPEATED command. Simple correlations [Pearson (r P )] were estimated among FCR, RFI, DMI%BW, and other traits. In the analyses described above, the records of 36 animals that were evaluated in two consecutive tests were considered independent, partially violating the assumption of independence of residuals. Figure 1 shows the dispersion of observed and predicted DMI according to contemporary group. The points below each trend line are HE animals (negative RFI) and the points above each trend line correspond to LE animals (positive RFI). The mean initial weight and ADG of the animals studied were 426±104 kg and 1.35±0.36 kg day -1 , respectively. No significant differences in initial age, initial weight, BW 0.75 , or ADG were observed within RFI classes (Table 2) .
Results
Negative RFI animals had lower DMI (kg/day) and DMI%BW than positive RFI animals. The FCR also differed significantly between the two RFI classes, with high-efficiency animals exhibiting better FCR than lowefficiency animals.
The feeding behavior traits bunk visit duration and DMI per visit, obtained as the ratio between DMI and number of visits, differed between RFI classes, while bunk visit frequency did not. The growth traits did not differ between RFI classes. Among the ultrasound-measured carcass traits, only rump fat thickness differed between RFI classes and high-efficiency animals (negative RFI) had lower rump fat thickness than low-efficiency animals (positive RFI) ( Table 2) .
Feed conversion was strongly and antagonistically correlated with ADG, but showed a weak and positive correlation with RFI, bunk visit duration, and DMI per visit (Table 3) . In contrast, a weak and negative correlation was observed with bunk visit frequency.
Residual feed intake showed a moderate positive correlation with DMI and DMI%BW, but was independent of initial weight and ADG. Among the feeding behavior traits, RFI was moderately and positively correlated only with bunk visit duration.
Pearson girth, scrotal circumference, and hip height) were negative and high. Furthermore, DMI%BW was moderately and antagonistically correlated with the carcass traits longissimus muscle area and backfat thickness and with DMI per visit, while there was a low positive correlation with rump fat thickness and a moderate correlation with bunk visit frequency. A positive correlation of medium magnitude was observed for DMI, RFI, and DMI%BW between the first and second feed efficiency tests (Table 4) . However, low and nonsignificant correlations were estimated between ADG and FCR obtained in the two tests, demonstrating that these traits were less consistent over the period of evaluation. Moderate-to-high correlations were obtained among bunk visit duration, bunk visit frequency, DMI per visit, longissimus muscle area, and rump fat thickness in the two tests.
Discussion
The coefficient of variation of RFI for the contemporary groups, obtained as the ratio between the standard deviation of RFI and mean DMI, ranged from 6.26% to 14.78%. The highest coefficient was obtained for the contemporary group of animals that exhibited the greatest variation in age (G3, 126 days) (Figure 1 ). Initial weight, ADG, or BW 0.75 did not differ between RFI classes as expected, since RFI is estimated with a multiple regression equation that includes ADG and BW 0.75 , leading to the phenotypic independence of these traits Sobrinho et al., 2011) .
The ADG of the two RFI classes was similar and the difference in DMI of -1.493±0.160 kg day -1 shows that high-efficiency animals consumed 11.3% less feed than low-efficiency animals for the same ADG. At the same proportion as DMI, DMI%BW was 13.1% lower in highefficiency animals compared with low-efficiency animals. Lancaster et al. (2009b) , Montanholi et al. (2010) , and Kayser and Hill (2013) reported a difference of 16%, 17%, and 10% in DMI, respectively, between high-efficiency and low-efficiency animals when they were classified as low RFI (≤0.5 standard deviation of the mean) and high RFI (≥0.5 standard deviation of the mean). Since feeding is one of the most expensive activities in beef cattle farming, the identification and use of high-efficiency animals should contribute to reduce the costs of production systems.
Since ADG did not differ between the two RFI classes, the difference in DMI reflected the difference in FCR between RFI classes. The FCR of high-efficiency animals was 10.6% lower than low-efficiency animals. Similar results were reported by Basarab et al. (2003) , Nkrumah et al. (2006) , and Kayser and Hill (2013) , who obtained a difference of 9%, 18%, and 17%, respectively, in FCR between animals classified as low RFI (≤0.5 standard deviation of the mean) and high RFI (≥0.5 standard deviation of the mean).
A negative correlation of high magnitude between FCR and ADG (−0.83) was also reported by Santana et al. (2012) and indicates that the adoption of FCR as an indicator trait of feed efficiency in cattle may result in an increase in animal weight. Sobrinho et al. (2011) and Mao et al. (2013) found correlation of 0.45 in Angus and Charolaise steers. The advantage of RFI over FCR is that the former shows a normal distribution, since it is a linear combination of the three variables DMI, ADG, and BW 0.75 . In contrast, the most variable trait (ADG) in FCR appears in the denominator, a situation in which extreme values of ADG cause wide variations in FCR. Another advantage of RFI is that it is independent of weight and ADG, while FCR shows a high and negative correlation with ADG, i.e., separate weighting of RFI and ADG in an index is possible, but it is unknown which weight is attributed to DMI and ADG when FCR is used for the identification and selection of animals.
The correlations estimated between RFI and DMI%BW corroborate the results of Arthur et al. (2001) , Nkrumah et al. (2006) , Bingham et al. (2009), and Chaves et al. (2015) , who described a positive correlation between RFI and DMI and a correlation close to zero between RFI, BW, and ADG. Similar results were also reported by Santana et al. (2012) , who found significant (P<0.05) Pearson's correlations between RFI and DMI (0.67) and between RFI and DMI%BW (0.82), while the correlations among RFI, ADG, and BW were negligible.
Among the feeding behavior traits evaluated, bunk visit duration was 9.34% shorter in high-efficiency animals (negative RFI) compared with low-efficiency animals, i.e., the former spent less time and energy in this activity and more time in sedentary activities (Kelly et al., 2010a) , possibly saving energy that is directed towards weight gain. However, it seems logical that high-efficiency animals require less time at the bunk for feeding because of their lower DMI. Nkrumah et al. (2006) , Lancaster et al. (2009a), and McGee et al. (2014) also reported a shorter bunk visit duration for high-efficiency animals compared with low-efficiency animals.
High-efficiency animals consumed 9.6% less feed per visit at the bunk than low-efficiency animals. Bingham et al. (2009) and Montanholi et al. (2010) reported that highefficiency animals consumed 38.5% and 12.7% less feed (g min -1 ), respectively, than low-efficiency animals. Since DMI is the main difference between high-efficiency and low-efficiency animals, a lower DMI of high-efficiency animals per visit at the feed bunk was expected. Highefficiency and low-efficiency animals did not differ in terms of bunk visit frequency, in agreement with the results of Bingham et al. (2009) . The feeding behavior traits observed in high-efficiency animals (less bunk visit duration and DMI per visit), associated with no differences between high-efficiency and low-efficiency animals in initial and final BW or ADG, suggested that high-efficiency animals are more efficient in terms of feed utilization. In other words, high-efficiency animals used less energy in the physiological processes involved in maintenance, resulting in more net energy available for tissue accretion (Castro Bulle et al., 2007) . Therefore, the greater DMI by low-efficiency animals might be partly related to the low metabolizability of consumed feed and the accompanying increased need to attain the levels of energy intake required for maintaining BW and supporting body protein and fat accretion (Kelly et al., 2010a) .
The correlation between RFI and bunk visit duration estimated in the present study was similar to the correlations of 0.49 and 0.37 reported by Nkrumah et al. (2007) and McGee et al. (2014) , respectively. These values indicate that the lower the RFI, less time does the animal spend at the bunk, with lower DMI and fewer visits to the bunk. The correlations of RFI with bunk visit frequency and DMI per visit were not significant (P>0.05), in agreement with the correlation reported by Kayser and Hill (2013) between RFI and bunk visit frequency. However, McGee et al. (2014 ), Nkrumak et al. (2007 , and Lancaster et al. (2009a) reported a moderate correlation between RFI and bunk visit frequency (0.29), and Kayser and Hill (2013) found a moderate correlation between RFI and DMI per visit in Angus (0.52) and Hereford (0.36) cattle.
There was no significant difference in body measures (chest girth, scrotal circumference, and hip height ) between the two RFI classes and the correlations of FCR and RFI with these traits being low and nonsignificant, demonstrating that feed efficiency traits are phenotypically independent of hest girth, scrotal circumference, and hip height. Similar results were reported by Basarab et al. (2003) and Nkrumah et al. (2006) , who observed no differences in hip height between high-efficiency and low-efficiency animals.
The finding that only rump fat thickness differed between the two RFI classes may be explained by the fact that, in bovine adipose tissue, deposition occurs simultaneously in the caudocranial and dorsoventral directions (Batt, 1979) , suggesting greater variation in fat deposition over the rump and smaller variation in the lumbar region at the age when the animals were evaluated. Santana et al. (2012) reported similar results in a study on Nellore animals, in which high-efficiency animals had 1.35 mm less rump fat than low-efficiency animals. Although rump fat thickness was slightly reduced in highefficiency animals (negative RFI), but not the backfat thickness, this decrease was not accompanied by a reduction in longissimus muscle area, suggesting that high-efficiency animals would not exhibit a reduction in weight or carcass yield (Lancaster et al., 2009b; Santana et al., 2012; Kayser and Hill, 2013) . In Bos taurus, McDonagh et al. (2001) , Lancaster et al. (2009b) , and Kayser and Hill (2013) found that high-efficiency animals deposited less fat than lowefficiency animals.
However, the difference in subcutaneous fat deposition between high-efficiency and low-efficiency animals is not a limiting factor, since the average fat thickness of the animals studied here was greater than 3 mm (Table 2) , the minimum thickness required by slaughterhouses. Most animals of this study were evaluated during the growing phase, a period characterized by low fat deposition in the carcass. Furthermore, unlike finishing diets, the environment/diet was not appropriate for high fat deposition. Despite these limitations, the animals exhibited satisfactory carcass fat deposition.
The Spearman correlation between DMI obtained in the first and second feed efficiency tests was positive and of medium magnitude (Table 4) , showing a certain consistency in the ranking of animals for DMI in the two tests. However, the same was not observed for ADG, whose correlation between the two tests was close to zero. This result caused a low correlation of FCR, since ADG is the denominator of the relationship between DMI and ADG. Evaluating four traits used in feed efficiency tests (ADG, DMI, FCR, and RFI), Archer et al. (1999) and Wang et al. (2006) showed that ADG is the most variable trait, which may explain the low correlation estimated in the present study between ADG in the two consecutive tests.
The RFI of the animals estimated in the first test was high and positively correlated with RFI estimated in the second test, indicating that few animals required re-ranking for this trait. In fact, 78% of the animals evaluated maintained the previous RFI class when classified as negative and positive RFI. In the study of Kelly et al. (2010b) , 54% of the heifers had their RFI altered by less than 0.5 standard deviation (0.30 kg DM day -1 ) in two consecutive finishing tests. The repeatability estimates between the growing and finishing phases obtained by the authors were 0.61 and 0.62 for DMI and RFI, respectively. Durunna et al. (2011) reported correlations of lower magnitudes among ADG, DMI, and RFI (0.38, 0.63 and 0.39) when the animals were evaluated during two periods receiving different diets.
The correlations among the feeding behavior traits (bunk visit duration, bunk visit frequency, and DMI per visit) were high (0.704, 0.637, and 0.797), while the correlations between carcass traits (longissimus muscle area and rump fat thickness) obtained in the two tests were of medium magnitude (0.655 and 0.464). These values are close to those reported in the literature. Pinheiro et al. (2011) found higher repeatability of longissimus muscle area (0.70) than rump fat thickness (0.48) for measures obtained from 10 to 26 months of age of Nellore cattle. Durunna et al. (2012) observed that heifers maintained the feeding behavior ranking from the first to the second test, although ranking of the animals for RFI had been altered by more than one standard deviation, suggesting high consistency and good repeatability of feeding behavior traits over time.
These previous studies indicate that most of the animals maintained the RFI class in the two evaluation periods, while the same does not apply to FCR, suggesting RFI to be the trait of choice for the evaluation of feed efficiency as it is more consistent and repeatable over time. These data are consistent with the findings of the present study (Table 4) in which the Spearman correlation between the two tests was higher for RFI than for DMI%BW and FCR.
Conclusions
Residual feed intake is phenotypically independent of growth traits. Senepol cattle with low residual feed intake (high efficiency) deposit less subcutaneous rump fat, but this reduction is not accompanied by a reduction in backfat thickness and longissimus muscle area. Residual feed intake is a consistent trait when evaluated during two different periods of the life of the animal, with the maintenance of residual feed intake class in a high proportion of animals.
